ABSTRACT: Salt marsh sedimentary organic matter (SOM) is a mixture of organic carbon from several sources difficult to identify quantitatively. Geochemical analyses of sediment cores at 4 sites in salt marshes at North Inlet, South Carolina (USA), dominated by Spartina alterniflora, were used to investigate accumulation and diagenesis of organic matter in sediments. Stable carbon isotope ratios ( 6 C ) and concentrations of organic carbon in the fine fraction of SOM ranged from -22 to -17 %O and 2 to 9 %, respectively. 6Â° values were significantly more positive in sediments from a short-form Spartina zone than from intermediate or tall-form Spartina areas. Samples from the site dominated by short-form S. alterniflora also contained significantly higher amounts of organic carbon than sites closer to the tidal creek, and demonstrated a positive correlation between organic carbon content and isotopically more positive 6Â° values. Spartina litter buried for 1.25 yr and Spartina lignin had 613C values of -15.35 and -16.34 %o respectively and were significantly more depleted in "C than fresh S. alterniflora (-13.63 %o), but not as depleted as the fine fraction of SOM. However, litter harvested from the marsh surface after 1.25 yr of decomposition had a S1^C value of -13.75 %o. The S^C values of SOM appear to be influenced by a combination of processes, including the selective preservation of isotopically hght refractory carbon, aerobic and anaerobic decay processes, sedimentation of allochthonous carbon from plankton or terrestrial sources, and bioturbation.
INTRODUCTION
Spartina alterniflora Loisel. is the major primary producer in salt marshes of the eastern coast of the United States (Howarth & Teal 1979 , Marinucci 1982 . Most of the S. alterniflora production apparently decomposes quickly within the salt marsh system (Kruczynski et al. 1978 , White et al. 1978 , Haines & Hanson 1979 . In Massachusetts, ca 90 O/ O of net primary production is oxidized (Howarth & Teal 1979 , Howarth & Giblin 1983 . Recent data suggest that only a small fraction of primary production is either preserved in salt marsh sediment or exported as particulate and dissolved organic matter (Haines 1977 , Peterson et al. 1980 .
Whether benthic diatoms and algae, bacteria, and estuarine phytoplankton are significant contributors to salt marsh sedimentary organic matter (SOM) -even in salt marshes where Spartina alterniflora is the dominant plant species -is an important ecological question (Fry et al. 1977 , Haines 1977 , Hackney & Haines 1980 , Hughes & Sherr 1983 . Studies to characterize the proportion of each of these sources retained in @ Inter-Research/Printed in F. R. Germany SOM have used various analytical chemical techniques, especially isotope ratio mass spectrometry. In some systems, stable carbon isotope ratios (^c/^c) can be used as an 'isotopic fingerprint' to identify the sources of organic materials (Fry & Sherr 1984) because biological reaction pathways generally favor the lighter carbon isotope (12C). Photosynthesis, for example, proceeds along different pathways, which lead to products with characteristic ranges of S^C values (Table 1) (Park & Epstein 1960 , 1961 , Bender 1971 , Smith & Epstein 1971 . Because the ranges of the 6 "~ values often overlap and the quantities of material contributed can vary, stable carbon isotope analysis alone cannot unequivocally determine the contribution of each plant source. For example, bacteria and phytoplankton have similar ranges in 6Â° values, and the problem becomes more complicated if other possible sources of salt marsh SOM, such as C-3 plants like Juncus are considered (Table 1) . A stable carbon isotope analysis of salt marsh SOM must consider all these materials as possible contributors to the 6I3c signature of the SOM.
Aside from the sources of organic matter, stable (1978) carbon isotope values of SOM vary also due to factors such as diagenesis, bioturbation and differential rates of accumulation and decomposition in the salt marsh. This information has not been integrated systematically to examine the patterns of salt marsh detrital decomposition. Due to the limitations of carbon isotope ratio analysis alone, determination of total organic carbon content and total organic nitrogen may also be useful for differentiating sources of SOM. In this paper we investigate the variations in 6I3c values and carbon and nitrogen concentrations with sediment depth at several locations within the marsh.
MATERIALS AND METHODS
Sediment cores were taken seasonally at 4 sites in salt marshes of the Belle W. Baruch Institute at Georgetown, South Carolina (USA) (Fig. 1) . The sites are representative of 4 distinct floral zones: Creek bank (CB), tall Spartina alterniflora marsh ( T S ) , and medium S. alterniflora (MS) at Bread and Butter Creek, and short S. alterniflora (SS) at Goat Island (Fig. 1) . Every site was cored to a depth of 40 cm during August and November 1983, and February and Apnl 1984. Cores were split lengthwise in the field and sectioned at 5 cm intervals. A 2 cm thick sample was removed from each section, frozen immediately on dry ice in the field, and transported to the laboratory for processing (Ember 1985) . Prior to analysis, sediment samples were thawed and living root and rhzome material was carefully removed. Carbonate contamination, which could shift isotopic values in the positive direction, was avoided by treating the samples with dilute hydrochloric acid for at least 12 h. Treated sediment was washed, centrifuged to remove excess water, dried, and ground to a fine powder with mortar and pestle.
In preparation for mass spectrometric analysis, each dried, powdered sediment sample was mixed with cupric oxide and silver metal powder in a brass envelope. The envelope was placed in a quartz ampule, which was evacuated and flame sealed, based on modifications to the procedure described by Buchanan & Corcoran (1959) . Ampules were combusted at 900°C for 3 h and allowed to cool. The resultant carbon dioxide was purified of contaminants by cryogenic removal of nitrogen and water and by passage over copper wool heated to 250°C, which reduces the oxides of nitrogen and sulfur into nitrogen gas and elemental sulfur, respectively. (Gardner et al. in press, Sharma et al. in press) . Sites CB, TS, MS, and SS are equivalent to sites BB1, BB2, BB4
and GI4 respectively Gas samples were analysed on a Micromass VG602D isotope ratio mass spectrometer. The b^C values are corrected for "0 contribution according to the procedure of Craig (1957) and reported in per mil (%o) relative to the PDB standard. The average analytical precision was 0.14 k 0.09 (%o) based on 19 sets of replicate samples. NBS-21, a graphite standard, was combusted with each group of samples. Mean and standard deviation for 14 replicates of NBS-21 were -28.29 k 0.10 relative to PDB. The published value for NBS-21 relative to PDB is -28.13 Â 0.03 %O (n = 3) (Coplen et al.
1983).
A portion of each dried sediment sample was also analyzed for total carbon and nitrogen content using a Hewlett Packard model 185 CHN Analyzer. Duplicate samples were analyzed and compared to a standard curve generated by the combustion of known quantities of acetamlide standard.
For the decomposition experiment, senescent Spartina alterniflora stems and leaves were collected during autumn 1983, sealed inside 2 mm-mesh fiberglass Litter bags, and placed on the surface or buried at a depth of 5 cm in the marsh. Our methods followed those of Morris & Lajtha (1986) . htter harvested after 15 mo of decomposition was analysed for carbon isotopes and carbon and nitrogen concentration as described above. After removal from the marsh, the material was washed to remove the encrusting mud, dried at 7O0C, and ground in a Wiley Mill in preparation for 613C determination. Samples of lignin from a chemical digest of fresh S. alterniflora Litter were provided by Jerry Melillo of the Marine Biological Laboratory, Woods Hole. The lignin extractions were based on the acid detergent procedure of Georing & Van Soest (1970) .
RESULTS
The relation between carbon content and 613C values of sediment samples is shown in Fig. 2 . The of all SOM samples collected from the surface and to a maximum depth of 35 cm (-22 to -17 %o) are consistently 4 to 9 %O more negative than the 613C of the major macrophyte present, Spartina alterniflora (-13.5 %) (Fig. 2) . Mean SOM 613C values, averaged over all depths, are more positive with increasing distance from the marsh creek; they increase from -21.00 at the creekbank (CB) to -18.43 %O at the short S. alterniflora zone ( S S ) ( Table 2 ).
There was also a significant relation between more positive 613C values and the increasing organic content in sediments at sites further from the creekbank (Fig. 3) . The majority of the samples with 613C values 
change in isotopic composition of litter apparently depends on whether the litter is degraded on the marsh surface or subsurface (Table 3) . htter buried at 5 cm depth for 15 mo became nearly 2 460 more negative than fresh litter, whereas 15 mo litter from the marsh surface showed little change in isotopic composition. There was no significant difference in isotopic composition among sites within litter type despite large differences in the extent of decomposition, especially between surface litter from TS and SS sites (Table 3) . Furthermore, there was no discernible relation between the degree of decomposition (% of original weight remaining) and the change in isotopic composition. Fig. 4 shows the relation between C/N ratio and 613C (1983) . The fine fraction ( < ? l 0 pm) is nearly 5 %O more negative than the macro-organic matter, composed exclusively of dead Spartina alterniflora roots and rhizome material sieved from the cores with repeated washings with distilled water. The dead macro-organic matter is ca 2 %O more negative than live S. alterniflora. Macroorganic matter also has a higher C/N ratio than thp fine particulates.
DISCUSSION
Preservation of plant materials in salt marsh sediments organic carbon and 613C values. The observation that the mean 613C values of salt Results of a decomposition study showed that the marsh sediment are more negative than those of Spar- There are several processes that may explain the observed relations between stable carbon isotope values of sediments, their organic contents, and location within the salt marsh. The first process involves the selective preservation of the more refractory biochemical components of Spartina alterniflora over the more labile fractions. About 75 % of S. alterniflora is lignocellulose, a structural polysaccharide (Maccubbin & Hodson 1980 , Benner et al. 1984b . Cellulose carbon appears to be heavier isotopically than the whole tissue. For example, cellulose from a wide variety of C4 species ranges in isotopic composition from -11.0 to -12.7 %0 (Sternberg et al. 1984) while whole tissue ranges from -18.6 to -9.3 %O (Bender 1971 , Smith & Epstein 1971 . As cellulose decays, the 613C of the remaining sediment would become more negative, reflecting the proportional increase of lignin in the SOM. We analysed S. alterniflora lignin that had been extracted from fresh litter and found it to be significantly more depleted in 13C than the fresh Litter (Table 3 ). The process of lignin enrichment during the microbial decomposition of Spartina detritus in salt marsh sediments was observed by Maccubbin & Hodson (1980), Hodson et al. (1984) , and Benner et al. (1984a Benner et al. ( , b, 1985 Benner et al. ( , 1986 . These authors described a model for the selective degradation of the polysaccharide components of S p a h n a compared to the lignin component under both anaerobic and aerobic conditions. Hatcher et al. (1981 Hatcher et al. ( , 1982 Hatcher et al. ( , 1983 and Spiker & Hatcher (1984) presented a similar model concerning the selective preservation of humins and the loss of carbohydrates in a marine algal sapropel. Humins, like lignins, are more depleted in 6I3c than carbohydrates and are also resistant to microbial decomposition. The selective preservation hypothesis is supported by the results of our decomposition experiment showing that buried Spartina alterniflora litter becomes isotopically more negative over time, although litter that was degraded on the surface of the marsh was not significantly hfferent in isotopic composition than fresh litter (Table 3) . Apparently aerobic and anaerobic processes differ in their effect on isotopic fractionation. Possibly these differences may also be related to whether the decomposing organisms are solely bacterial or an association of bacteria and fungi, since fungi would not be expected to be active in the anoxic marsh subsurface. Similarly, Schwinghamer et al. (1983) observed that 'aged' detritus was more negative than 'fresh' by 4 to 7 %O. Spiker & Hatcher (1984) report an overall decrease of at least 4 % during early diagenesis of decomposing algae in marine sediment.
The second process that influences the isotopic composition of the sediment involves input of organic matter from other sources -such as bacteria, aigae, the C-3 plant Juncus roemerianus, and other plants -all of which have a wide range of stable carbon isotope ratios (Table 1) . For example, in the salt marsh at Sapelo Island, Georgia, SOM from a mixed stand of Spartina altemiflora and J. roemerianus was isotopically intermediate (-22.8 The relative proportions of these different carbon inputs may change with location in the marsh. For example, 613C values of SOM become more positive with increasing distance from the marsh creek (Fig. 2) , i.e. richer in I3C and more characteristic of the Spartina alterniflora contribution in the sediment. Haines (1976) attributed similar results for a Georgia Spartina salt marsh to the proporhonal increase of S, alterniflora litter in the soil. Hughes & Sherr (1983) found that when creekbank sediment 6I3C values were compared to those of the creekbed in the same location, the creekbank more closely reflected the 613C of the major macrophyte present, S. alterniflora. Whelan et al. (1986) analyzed the lignin pyrolysis products of Georgia salt marsh SOM and confirmed these results.
In creekbank sites examined in the North Inlet marsh, SOM had the most negative 613C values compared to any other site. Potential sources of more 13C depleted carbon at this site could be benthic algae, and sedimentation of phytoplankton and other allochthonous carbon from tidal creek waters. Rates of sedimentation of parhculate matter are significantly h g h e r in the tall Spartina alternitlord zone compared to the short S. alterniflora zone (Letzsch & Frey 1980) . Where the rate of sedimentation is high, input of phytoplankton and allochthonous carbon (possibly terrestrial in origin) are more significant, which dilutes S, alterniflora input to SOM. Phytoplankton and fine particulate carbon are much more depleted in I3C than S. alterniflora. Terrestrial sources of carbon are also possible because organic'carbon enters the marsh in the form of dissolved and colloidal material adhering to silt and clay particles (Schwinghamer et al. 1983 ). Wolaver et al. (1986) -have concluded that the source of dissolved organic carbon in tidal creeks at North Inlet is largely from runoff 'from surrounding freshwater swamps during periods of high rainfall. Thus, creekbanks with their high sedimentation rates could be sinks for terrestrial carbon.
Bacterial carbon can probably be discounted as a major component of SOM because of the large quantity of bacterial biomass that would be required to decrease the 6I3C of SOM to the observed range of -17 to -21 %O from the -13.5 %O characteristic of live Spartina alterniflora. If 6I3C of SOM in the North Inlet marsh was strictly a function of the relative amounts of bacterial and S. alterniflora carbon, then the organic carbon in SOM would need to be composed almost entirely of bacteria. Furthermore, the bacteria would most likely have to derive its nutrition from a source other than S. alterniflora, since heterotrophic bacteria apparently do not differ greatly in isotopic composition from that of their carbon source (Fry & Sherr 1984 , Blair et al. 1985 Schwingharner ct d. (1983) reporled ihai bacterial biomass contributed 1.3 % to the total sedimentary carbon. Marinucci et al. (1983) found a total microbial carbon content of 2.6 % of total carbon in aerobically degraded S. alterniflora litter. Therefore, it is unlikely that such a small standing stock of bacterial carbon per se could influence the isotopic composition of SOM.
To help discem the sources of SOM, an experiment based on the sedimentary size fraction concept of Schwinghamer et al. (1983) was performed. C/N ratios were determined to rule out the possibility that fine fractions may contain significant amounts of lignocellulose, because nitrogen is a minor constituent of polysaccharides (Wilson et al. 1986 ). Macro-organic matter has more positive 613C values and higher C/N ratios, while fine particulates have more negative 613C values and lower C/N ratios (Fig. 4) . Bacteria and thoroughly decomposed SOM have similar 613C and C/ N values that are quite different from fresh Spartina alterniflora Litter (Fig. 4) . Partially decomposed macroorganic matter from 29 to 34 cm sediment depth was intermediate in composition.
Microorganisms typically have low C/N ratios ranging from 3 : 1 to 10: 1 (Greenwood 1968 , Hunter 1976 Russel-Hunter 1970 , Marinucci 1982 . Apparently, the C/N ratio of decomposing S. alterniflora litter changes in such a way as to resemble bacterial biomass. However, laboratory studies by h c e & Tenore (1981) showed that an increase in the bacterial biomass alone cannot account for decreasing C/N ratios in decomposing S. alterniflora litter. Wilson et al. (1986) reported an increase in the nitrogen content of S. dterniflora foliowing 2 yr of in situ decomposition, which they attributed to the retention and concentration of refractory nitrogen-enriched non-protein complexes of organic matter from the original litter. Less than 20 % of the nitrogen was attributed to microbial biomass. It is intriguing that the diagenesis of SOM should lead to material that resembles the C/N and carbon isotope ratios of bacteria.
The community of microbial decomposers may not be exclusively bacterial in composition, although bacteria are recognised to be the major decomposers of organic matter in anaerobic marine sediments (Fenchel & Blackbum 1979) . In contrast, fungi are thought to be important decomposers of standng dead S. alterniflora litter (Newell & Hicks 1982) under aerobic conditions. However, bacteria appear to be the main decomposers of the lignocellulose of S. alterniflora, which makes up the bulk of the plant (Benner et al. 1984a (Benner et al. , 1986 . The major part of lignin degradation occurs under near-surface conditions mediated by aerobic bacteria (Benner et al. 1984b) ; anaerobic bacteria contribute very little to this process (Valiela et al. 1984) . Although the community of microbial decomposers is the driving force of early organic diagenesis, Little is known about the isotopic composition of these different groups of microbes and the role they may play in determining the 613C value of SOM.
Bioturbation also could influence the depth profile of carbon isotope values and organic content along a transect. Fiddler crabs and other infauna mix surface sediment containing larger quantities of organic matter with deeper sediment containing lower quantities. In doing so, surface detrital Spartina alterniflora is mixed with other sources of organic carbon which are generally more depleted in 13c than S. alterniflora. Homogenization of marsh soil is most intense near the creekbank, and decreases inland. Bioturbated sediment has been observed to a depth greater than 30 cm on the creekbank and in the tall S. alterniflora zone, to depths of 4 to 5 cm in the medium S. alterniflora zone, and to depths of less than 2 cm in the short S. alterniflora zone (Sharma et al. in press) . Thus, the effects of bi~turbation are not equal in all parts of the marsh.
The 613C values and carbon content of SOM (Fig. 3 ) from a short Spartina alterniflora site have been least altered by the processes of bioturbation and sedimentation compared to the sites closer to the tidal creek. As Fig. 3 shows, where bioturbation can be discounted, the correlations between stable carbon isotope ratios, organic carbon content, and sample depth become more significant. This supports the hypothesis that isotopically lighter carbon is preserved during SOM diagenesis.
There are at least 3 important processes that appear to shape the isotopic compositions of SOM in salt marsh sediments. Firstly, selective preservation of refractory carbon compounds with an isotopic signature, such as lignin, that is lighter than the original whole tissue. As lignin is concentrated in gradually degrading SOM, the isotopic ratio of the remaining organic matter approaches that of lignin (Table 3) . Diagenesis may conhnue in this fashion for years. Secondly, the extent of bioturbation differs between the different zones of Spartina alterniflora growth forms in the salt marsh (Sharma et al. in press, Gardner et al. in press) , which tends to homogenize the organic carbon content and the carbon isotope ratios between surface and subsurface. Lastly, sedimentation also differs between these zones. The sedimentation process could result in the input of isotopically Light carbon from planktonic or terrestrial sources. Benthic algae, which are slightly isotopically positive compared to the above organic materials (Table l ) , are also a source of SOM and could influence the isotopic composition of marsh sediments.
Our results indicate that the processes affecting accumulation and diagenesis of organic matter in marsh sediments are complex and that the carbon sources probably cannot be identified by single element isotope analyses. Additional laboratory experiments that investigate the relation between stable isotopes and (a) bacterial and fungal decomposition and (b) biochemical components of Spartina alterniflora are needed to fully understand organic matter diagenesis in sediments.
